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Nitridation processes on GaAs~001! surfaces exposed to N2 microwave plasma were investigated by
in situ reflectance-difference spectroscopy, reflection high-energy electron diffraction, and in-line
Auger electron spectroscopy. We have found that a stable GaN layer is formed only when the As
background pressure is sufficiently low. Nitridation is significantly suppressed under a high
background pressure of As. A possible mechanism and its implication to GaN growth on GaAs





















































uteGaN is a promising semiconducting material for sho
wavelength light-emitting devices. There has been rema
able progress in the growth technique of wurtzite GaN, le
ing to successful demonstration of light-emitting devic
based on this phase of the material.1,2 Recently, severa
groups reported growth of zinc blende GaN on GaAs s
strates using a molecular-beam epitaxy~MBE! technique.3–5
It has been indicated that the presence of an As backgro
pressure in the initial stage of growth promotes the nuc
ation of cubic template.4,5 However, the underlying mecha
nism for those observations is not clear. Apparently, nitri
tion of the initial GaAs surface,6–8 which is a parasitic
reaction in GaN growth on GaAs, is one of the key proces
controlling the quality of the epilayer.
We studied nitridation processes on GaAs~001! surfaces
in a MBE chamber equipped with a N2 microwave plasma
source. Characterization techniques employed werein situ
reflectance-difference spectroscopy~RDS!, in situ reflection
high-energy electron diffraction~RHEED!, and in-line Auger
electron spectroscopy~AES!. The experiments were per
formed mainly on (234)-As stabilized surfaces, with a spe
cial attention to the role of surface As in the nitridation pr
cess. We have found that a stable GaN layer is formed o
when the As background pressure,As , is sufficiently low.
Under highrAs the nitridation is significantly suppressed,
atoms being only weakly adsorbed on the GaAs surface
The experiments were carried out in a solid-source M
system. Prior to each nitridation experiment, a GaAs bu
layer of approximately 1mm in thickness was epitaxially
deposited on a~001!-oriented semi-insulating wafer at a su
strate temperature of 853 K, obtaining a well-ordered
34) reconstructed surface. Then the substrate tempera
was lowered to 673 K andrAs was adjusted to a desire
level. After rAs was stabilized, the temperature was i
creased again to recover the (234) reconstruction as probe
by both RHEED and RDS. In the case of highrAs experi-
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ments,rAs was kept at 4310
27 Torr, while it was below
131028 Torr for low rAs experiments. N2 was activated by
a homemade microwave plasma source.9 The plasma power
and the N2 pressure in the MBE chamber was kept at 150
and 231026 Torr, respectively, for all the experiments.
Our homemade RDS setup is similar to the one dev
oped by Aspneset al.10 RDS, which measures in-plane re
flectance anisotropy, is known to be a surface- and interfa
sensitive optical technique for bulk-isotropic materials su
as GaAs.11 RDS has been used to investigate GaAs surfa
under MBE or metalorganic chemical-vapor-deposition en
ronments, and reflectance-difference~RD! spectra for vari-
ous reconstructions on the GaAs~001! surface are well
established.11
We first discuss the results under lowrAs . Figure 1~a!
shows the RD spectra of an initial As-stabilized (
34) – GaAs~001! surface~thick solid line!, and of a nitrided
surface under lowrAs ~thin solid line! at substrate tempera
ture, 773 K. The former, exhibiting characteristic twin pea
at 2.6 and 4.2 eV, is in good agreement with the result
ported by Kamiyaet al.11 The latter was measured after 1
min nitridation on the~234! surface. The spectral line shap
is remarkably changed through nitridation. The intensity
the remaining twin peaks is significantly reduced, and at h
(.5 eV) and low (,2 eV) ends of the spectrum the R
signal is increased. The N2 plasma source was kept turned o
during this spectral acquisition, although terminating the
posure to active N did not change the spectrum at all@d shed
line in Fig. 1~a!#. An AES analysis described later in the te
confirmed that the surface after the active-N exposure ind
contains N. We point out that the RD line shape of the
trided surface is similar to the one obtained by exposin
Ga-terminated GaAs surface to 1 atm N2.
11
A dynamic measurement at 4.2 eV showed that the
signal started to change immediately after the onset of
active-N exposure. After nitridation for 5 min, no furthe
change in the spectrum was observed, which suggests
the surface reached an equilibrium coverage of N.
Figures 2~a!–2~c! demonstrate the evolution of th
RHEED pattern during exposure of the active N under l7/82(9)/4684/3/$10.00 © 1997 American Institute of Physics




































ur-rAs . Here we only show the patterns for the@110# incidence,
though the observation was made for both the@110# and
@11̄0# azimuths. The (234) pattern shown in Fig. 2~a!
changed to (3 3) in Fig. 2~b! immediately after the onset o
irradiation with active N, which is consistent with the dy
namic RD measurement described above. After 1 h nitrida-
tion, the pattern evolved to (131) with satellite streaks as
shown in Fig. 2~c!. By calculating the lattice constant from
the first-order streaks, we interpret the pattern in Fig. 2~c! as
FIG. 1. RD spectra of initial and nitrided GaAs~001! surfaces. Exposure to
active-N was carried out under lowrAs , ~a! and under highrAs ~b!. Initial
As-stabilized (234) surface~thick solid line!, under active-N exposure
~thin solid line! and after exposure~dashed line!, and under an As back-
ground pressure of 431027 Torr following the active-N exposure~dotted
line!.
FIG. 2. RHEED patterns of the initial and nitrided GaAs~001! surfaces. The
electron-beam azimuth was along@110#. ~a! initial (234) surface under low
rAs , ~b! (333) during an active-N exposure under lowrAs , ~c! (131)
mixed pattern after 1 h nitridation under lowrAs , ~d! initial (234) surface
under highrAs , ~e! (333) during an active-N exposure under highrAs ,
and ~f! (234) after terminating the active-N exposure under highrAs .J. Appl. Phys., Vol. 82, No. 9, 1 November 1997
Downloaded 25 Mar 2010 to 130.34.135.83. Redistribution subject to AIPa superposition of (131) patterns of GaAs and cubic GaN
the satellite streaks give a lattice constant of 0.4
60.01 nm, which agrees with the lattice constant of cu
GaN, 0.452 nm.12 Combining the RDS, RHEED, and AES
results, we conclude that nitridation under lowrAs produces
a GaN layer on the (234) GaAs surface.
To test the stability of the GaN layer, the nitrided surfa
was exposed to an As beam of beam-equivalent pressu
431027 Torr. This As exposure induced no detectab
change in the RD spectrum@dotted line in Fig. 1~a!# nor in
the RHEED pattern, which indicates that the formed G
layer is stable against the exposure to an As beam.
Next we discuss the results under highrAs . Similarly to
Fig. 1~a!, Fig. 1~b! shows RD spectra of an initial (234)
surface~thick solid line!, the surface during active-N expo
sure ~thin solid line!, and the surface after terminating th
active-N exposure~dashed line!. The substrate temperatur
was kept at 823 K. Comparing the thin solid lines in Fig
1~a! and 1~b!, we find that the active-N exposure induce
quite similar spectral changes in both cases. However, a
tinct difference between the two is the response to the ter
nation of the active-N irradiation. As shown in Fig. 1~b!, the
spectrum was recovered to the initial line shape when
active-N exposure was terminated. This reversible cha
was also confirmed by RHEED as shown in Figs. 2~d!–2~f!.
The RHEED pattern changed from (234) to (333) imme-
diately when the GaAs surface was irradiated with active
The (333) pattern was unchanged during prolonged irrad
tion, and the surface recovered to a (234) reconstruction
within 1 min after terminating irradiation. Thus the RDS an
RHEED results suggest that under highrAs the nitrogen spe-
cies adsorb on the (234) GaAs surface only weakly an
that they do not form stable Ga–N bonds. Similar recov
process to a (234) As stabilized surface was reported b
Hauensteinet al.,7 where the dynamical process was mon
tored by the 1/3-order GaN diffraction streak.
To clarify the behavior of the nitrogen quantitatively, w
carried out AES analysis of nitrided GaAs surfaces, wh
both rAs and the surface stoichiometry of initial GaAs su
faces were varied. The samples prepared in the MBE ch
ber were transferred to the AES chamber through a vacu
tunnel. In Table I, the peak-to-peak intensity ratio of NKLL to
GaLMM , normalized by standard sensitivities, is summariz
All samples used in this experiment were prepared by n
dation for 1 h. First, we note that the N/Ga peak ratio
much smaller under high As background pressure compa
to that under low As background pressure regardless of
TABLE I. Summary of Auger electron spectroscopy on nitrided GaAs s
faces. Normalized peak-to-peak ratios of NKLL with respect to GaLMM are
listed. The nitridation temperature is indicated in the parentheses.
Initial GaAs surface LowrAs High rAs
Ga terminated (3 1) 0.5~813 K! 0.00~843 K!
As terminated (234) 0.43~773 K! 0.05~823 K!
As-terminate (434) 0.26~573 K!
0.08a
aAnnealed at 773 K for 5 min after nitridation.4685Jung et al.












































































l.initial GaAs surface stoichiometry, which confirms that t
presence of As during nitridation suppresses the formatio
Ga–N bonds.
To confirm the weakly adsorbed N, which is sugges
for the highrAs condition, we also examined nitridation o
an As-stabilizedc(434)-GaAs surface. This surface wit
more than 3/2 ML of surface As coverage is prepared at
temperature~at 573 K!, which should suppress thermal d
sorption of N. After 1 h nitridation under highrAs at 573 K,
the N/Ga ratio was 0.26. This value is much larger than th
of other surfaces nitrided under highrAs ~see Table I!. The
sample was then heated to 773 K for 5 min. This tempera
is sufficiently high for desorption of the top-layer As und
low rAs , but insufficient for desorption of any nitroge
bonded to Ga. After this annealing, the N/Ga peak ratio w
decreased by a factor of 1/3. This fact indicates that mos
the nitrogen on the nitrided GaAs surface was bonded
surface As, not to Ga, and that active N species tempora
bonded to As easily desorb at higher temperatu
~.770 K!. Recentin situ investigation by infrared spectros
copy suggests the presence of As–N bonds on a nitr
As-rich GaAs~001!2~234! surface at 723 K.13
The AES results confirmed that the Ga–N bond form
tion is suppressed under highrAs . This dependence of th
nitridation rate onrAs can be understood as follows. Whe
the active-N exposure is initiated, the N species first ads
onto the As-terminated (234) surface regardless of therAs
level, as evidenced by the appearance of (333) reconstruc-
tion and significant change in RD spectra for both low a
high rAs cases. Formation of the (333) structure should be
associated with some rearrangement and/or partial des
tion of surface As atoms, which is likely to result in discl
sure of Ga atoms in the second layer. Under highrAs , As
atoms arriving from the gas phase would readily react w
the disclosed Ga atoms, inhibiting formation of Ga–N bon
On the other hand, under lowrAs , the disclosed Ga atom
~or nuclei of Ga clusters! are available for the adsorbed
species to form Ga–N bonds. The nitrided GaAs surfaces
known to exhibit relatively rough surface morphology14
This roughening can be well explained if Ga clusters
droplets are indeed involved as a precursor for nitridat
reaction.
Another interesting feature to be noted is the effect
nitridation temperature on surface N concentration. In h
rAs case, AES data show an increase in N concentration w
lowering nitridation temperature~Table I!. This dependence
can be explained as follows. Under highrAs , the GaAs sur-
face would be readily covered by As, which inhibit form
tion of Ga–N bonds but result in As–N bonds through nit
dation. The As–N bond strength is weak to easily desorb
higher temperatures. This desorption kinetics could be
plained in terms of thermally activated N surface-desorpt
processes.15 In the lowrAs case, the surface N concentratio
shows quite different dependence on nitridation temperat
As can be seen in Table I, the N/Ga ratio for low As bac4686 J. Appl. Phys., Vol. 82, No. 9, 1 November 1997




























ground pressure is almost the same for both Ga- and
stabilized surfaces, although the nitridation temperature
nificantly differs for both surfaces. In addition, we point o
that the RD spectra of a nitrided surface at 813 K on a
31) Ga-stabilized surface under low As background pr
sure is very similar to that of a nitrided surface at 773
under lowrAs , as shown in Fig. 1~a!. These results sugges
that a nitrided surface under low As background pressu
which produces stable Ga–N bonds, is stable against
strate temperature of this range.
It was reported that the GaN layers grown on extensiv
nitrided surfaces have a Wurtzite structure.8 In order to grow
cubic GaN, the nitridation process must be suppressed.
eral groups have succeeded in growing zinc blende GaN
GaAs by employing a high As flux in the initial growt
stage3,4 or throughout growth.5 Our results suggest that suc
successful growth of zinc blende GaN is a consequenc
suppressed nitridation of GaAs under a relatively high
flux.
In summary, we have examined the formation proc
and stability of the nitrided layer on GaAs~001! surfaces us-
ing RDS, RHEED, and AES. A stable GaN layer was form
only when rAs was sufficiently low, while background As
suppresses the nitridation process. A tentative model to
plain these observations was presented. The implication
the present results for improving the GaN epitaxy on Ga
was discussed.
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